Objectives Evaluate the effects of aging on healthy Achilles tendon and aponeurosis shear wave speed (SWS), a quantitative metric which reflects tissue elasticity. Methods Shear wave elastography was used to measure spatial variations in Achilles tendon SWS in healthy young (n = 15, 25 ± 4 years), middle-aged (n = 10, 49 ± 4 years) and older (n = 10, 68 ± 5 years) adults. SWS was separately measured in the free Achilles tendon, soleus aponeurosis and gastrocnemius aponeurosis in resting (R), stretched (dorsiflexed 15°from R) and slack (plantarflexed 15°from R) postures. Results SWS significantly increased with stretch and varied with age in all tendon regions. Slack free tendon SWS was significantly higher in older adults than young adults (p = 0.025). However, stretched soleus aponeurosis SWS was significantly lower in older adults than young adults (p = 0.01). Stretched gastrocnemius aponeurosis SWS was significantly lower in both middle-aged (p = 0.003) and older (p = 0.001) adults, relative to younger adults.
Introduction
Chronic tendon overuse injuries (i.e. tendinopathy) can severely reduce quality of life, with injury incidence related to age [1] . Age-related alterations in injury incidence may arise as a result of a variety of changes in tendon composition that have been identified in various models including an increase in stiffness of the interfascicular matrix (equine superficial digital flexor tendon [2] ), an increase in collagen crosslinking (human patellar tendon [3] ; rat tail tendon [4] ) and a reduction in collagen fibril crimp angle (equine superficial and deep digital flexor tendons [5] ). Despite evidence of these micro-scale alterations in tendons, it remains unclear how age-related changes in tendon composition affect whole tendon behaviour. For example, there remains considerable disagreement in the literature regarding whether aging leads to increased [6] [7] [8] or decreased [9, 10] tendon compliance. Tendon tissue heterogeneity may, in part, explain these discrepancies as recent studies have shown evidence that tendon material properties and strain may vary considerably within regions of the same tendon [11] [12] [13] [14] [15] , and between different types of tendons [2, 16] . Nevertheless, to our knowledge, very few studies have measured region-specific effects of aging on tendon compliance, which may be key to understanding aging and injury in tendons.
In recent years, advanced ultrasound approaches have emerged for the evaluation of tendon elasticity. For example, sonoelastography techniques have shown potential for better sensitivity in diagnosing tendon injuries than traditional B-mode imaging [17] [18] [19] . Further, sonoelastography may be able to identify localized tissue softening and damage in pathological tendons [19, 20] , with sonoelastography measures showing evidence of good agreement with histological observations [18] . However, traditional sonoelastography relies on manual tissue palpation, which can affect the reliability of results obtained, and limit the feasibility of intersubject comparisons [21] .
Shear wave elastography (SWE) is an ultrasoundbased approach capable of noninvasively quantifying in vivo shear wave speeds in soft tissues with good repeatability [22] and high spatial resolution [23] . One advantage of SWE is that wave speeds are measured in response to a pulse from the ultrasound transducer, rather than via manual transducer palpation by the operator which is common in other techniques, thus limiting the operator dependence of SWE and increasing the repeatability of results. In transversely isotropic materials, such as tendon, shear wave speed is dependent on the tissue shear elastic modulus [24, 25] and is thus an important mechanical characteristic. Although originally used to evaluate pathological compliance changes in tissues (e.g. liver [26] ), SWE has gained increasing use as a technique for measuring tendon properties [27] [28] [29] [30] . One advantage of this approach is that shear wave speeds are computed with high resolution, enabling the evaluation of shear wave speed heterogeneity over the length of the tendon. Using this approach, we recently showed that Achilles tendon shear wave speeds vary significantly along the tendon's length in healthy adults, and shear wave speeds show strain-stiffening effects, with increased stretch (i.e. ankle dorsiflexion) leading to increased shear wave speeds [12] . We also observed evidence of increased compliance in the proximal portion of the Achilles tendon (i.e. the gastrocnemius aponeurosis) in middle-aged adults when the ankle was dorsiflexed [11] . The purpose of this study was to build on this prior work and evaluate the effects of aging on Achilles tendon and aponeurosis shear wave speeds in older adults (aged over 60 years). We hypothesized that we would see evidence of increased compliance during Achilles tendon stretch in the proximal portion of the Achilles tendons of older adults compared with young adults and that aging effects would be more pronounced in older adults than middle-aged adults.
Materials and methods

Subject population
Thirty-five healthy adults (aged 21-71 years, mean 46 ± 19 years) with no history of Achilles tendon injury, surgery or systemic disease were recruited for this study (Table 1) . A fellowship trained musculoskeletal radiologist with 12 years of experience reviewed B-mode images and found no evidence of subclinical tendinopathy changes in any subject. Data middle-aged adults (n = 10, aged 41-60 years, mean 49 ± 4 years) adults and a subset of the young adult group (n = 15, aged 21-40 years, mean 25 ± 4 years) were reported Tendon thickness (mm) 4.7 ± 0.3 4.9 ± 0.7 5.1 ± 0.8
Age, gender, height and weekly exercise were self-reported. Resting ankle angle was measured manually with a goniometer with the subject lying prone. Tendon thickness was measured from B-mode images of the free Achilles tendon. No significant differences in weekly exercise or tendon thickness were observed between young, middle-aged or older groups. Presented are average ± standard deviation, where applicable previously [11, 12] and are included in this study for further analysis. Institutional review board approval and informed consent were obtained. Subjects were asked to self-report their average weekly exercise on a questionnaire. Prior to imaging, each subject was asked to walk at a comfortable pace for 6 min to precondition their muscle-tendon structures [31] .
Collection protocol
Ultrasound images and shear wave speed measures were collected from the Achilles tendon as described previously [11, 12] . Briefly, subjects were asked to lie fully relaxed in a prone position on an examination A manual goniometer was used to assist with subject positioning to ensure that the final postures were ±15°from the initial resting posture. Posture order was randomized for each subject. After the subject was positioned and asked to remain fully relaxed, ultrasound B-mode images and shear wave data (software version, 5; preset, superficial MSK; persist, high; smoothing, 7) were collected along the length of the Achilles tendon (Fig. 2) . The initial position of the transducer (L15-4, Aixplorer, Supersonic Imagine, Aix-en-Provence, France) was standardized across all subjects by placing the distal edge of the transducer approximately 12.5 mm distal (the width of one region of interest, ROI) to the proximal edge of the calcaneus. The shear wave ROI (width 12.5 mm) was then centred over the Achilles tendon and positioned in the distal portion of the image. Three repeat frames of shear wave data were collected for each shear wave scanning location. The scanning location was then progressively moved proximally in 12.5-mm increments until all four positions within the same 50-mm-wide Bmode image were collected. The transducer was then translated proximally in 50-mm increments from the calcaneus to the medial gastrocnemius. Collections were obtained, on average, up until 120 mm proximal to the gastrocnemius muscle-tendon junction when the gastrocnemius aponeurosis was no longer visible in the ultrasound B-mode image, or if there were significant artefacts or missing shear wave speed data. Custom standoff pads (178 × 127 mm, 16 mm thick), which were created from commercial pads (Aquaflex, Parker Laboratories, Fairfield, NJ), were used in the two most distal transducer positions corresponding to the most superficial locations of the Achilles tendon.
Data analysis
Shear wave data were analysed post hoc from exported DICOMs using a custom MATLAB (Mathworks, Inc., Natick, MA) script that enabled a single researcher to manually define ROIs within the tendon boundaries. During processing, the soleus muscle-tendon junction (S-MTJ) and the gastrocnemius muscle-tendon junction (G-MTJ) were identified within B-mode images for each trial. Shear wave speed measures were then divided into three regions: the free tendon (FT; from the calcaneus to S-MTJ), the soleus aponeurosis (SA; S-MTJ to G-MTJ) and the gastrocnemius aponeurosis (GA; G-MTJ to most proximal imaging location). Although other studies using this approach have reported Young's modulus, we chose to report shear wave speed, as the assumption of isotropy necessary for the Young's modulus computation is not valid in tendons [32, 33] . To evaluate any potential correlation between aponeurosis shear wave speed and the surrounding muscle tissue, shear wave speed was also computed in the adjacent gastrocnemius muscle that is visible superficial to the gastrocnemius aponeurosis. Measurement of wave speed in the soleus muscle was not performed because these measures are generally considered unreliable [30] due to the complex architecture and location of the muscle deep to the soleus aponeurosis. Saturation was evaluated as the percentage of pixels within each ROI that exhibited shear wave speed magnitudes equal to 16.3 m/s (the maximum shear wave speed capacity of the system). B-mode images were used to evaluate the anterior-posterior thickness of the tendon in the resting ankle posture. Achilles tendon thickness across the tendon mid-substance at approximately 10 mm proximal to the superior aspect of the calcaneus was measured using ImageJ (NIH, Bethesda, MD) by a musculoskeletal radiologist. To eliminate any potential bias in measurements, the radiologist was blinded to the subject age group and subject number, and thickness measurements were performed in a random order. For each tendon region (free tendon, soleus aponeurosis, gastrocnemius aponeurosis), ANOVAs were used to evaluate any statistical relationship between age group (young, middleaged, older) and ankle posture (slack, resting, stretched). Tukey post hoc comparisons were used to investigate any interactions with significance set at p < 0.05. Regression analyses were also performed for each ankle region and posture to investigate the effects of age on shear wave speed. For postures and regions in which data saturation was high (>5 %), regression analyses with age and saturation were also performed. A regression analysis between gastrocnemius muscle shear wave speed and aponeurosis shear wave speed was performed to test for a correlation between the two, with significance set at p < 0.05.
Potential differences between age groups in terms of tendon thickness and average weekly number of hours of exercise were evaluated using ANOVAs. Tukey post hoc comparisons were used to investigate any interactions with significance set at p < 0.05.
Results
Shear wave speed varied with age in all tendon regions (Fig. 3) , though significance was only found within certain ankle postures. In the slack free tendon, shear wave speed was significantly higher in older adults than young adults (p = 0.025). In the stretched soleus aponeurosis, shear wave speed was significantly lower in older adults than young adults (p = 0.01). In the stretched gastrocnemius aponeurosis, shear wave speed was significantly lower in middle-aged adults (p = 0.003) and older adults (p = 0.001) compared with young adults.
Regression analyses showed that shear wave speed also correlated with age at specific postures in all regions (Fig. 4,  Table 2 ). In the free tendon, shear wave speed was positively correlated with age in a slack posture (p = 0.005). In the soleus aponeurosis, shear wave speed was negatively correlated with age in the stretched (p < 0.001) and resting (p = 0.008) postures. In the gastrocnemius aponeurosis, shear wave speed decreased with age in the stretched posture (p < 0.001) and was close to significance in the resting posture (p = 0.065).
Shear wave speed in the gastrocnemius muscle and gastrocnemius aponeurosis showed a significant positive correlation ( Fig. 5 ; p < 0.001, R 2 = 0.32). Data saturation was highest in the free tendon when in stretched (19.6 ± 14.2 %) and resting (9.5 ± 8.0 %) postures. The soleus aponeurosis also showed notable data saturation when in a stretched posture (9.6 ± 8.5 %). In all other regions and postures, data saturation was low (<2 %). Age was not found to correlate with data saturation in the free tendon (p > 0.2), but data saturation did correlate negatively with observed between groups. Likewise, no significant effects of gender or weekly exercise were observed on tendon shear wave speeds.
Discussion
We observed complex interactions of age, ankle posture and region on in vivo tendon shear wave speeds. Notably, aging was associated with an increase in shear wave speed in the slack Achilles tendon and a decrease in shear wave speed in the stretched soleus and gastrocnemius aponeuroses. Prior theoretical studies showed that wave speed is dependent on the shear elastic modulus [24] , while empirical studies also found that shear wave speed is correlated with the alongfibre tendon elastic modulus [33] . Our observations thus suggest that aging alters the inherent spatial variation in Achilles tendon elasticity. Consistent with our hypothesis, we observed evidence to support an increase in compliance in the stretched aponeuroses with aging. Further, although we did not observe groupwise differences in compliance between middle-aged and older adults, low p values from regression analyses suggest that such aging effects are progressive. However, we also observed the unexpected result that the slack Achilles tendon appears less compliant in older adults. These varied aging effects could influence spatial tissue deformations within the triceps surae muscle-tendon units and thus affect both muscle performance and injury potential.
It is well recognized that age-related changes in tendon composition and architecture can alter the inherent mechanical properties of tissue. Notably, both animal and human studies have shown evidence that aged tendon exhibits increased stiffness of the interfascicular matrix [2] , an increase in collagen cross-linking [3, 4] and a reduction in collagen fibril crimp angle [34] . Although tendon elasticity measures in humans have produced conflicting evidence regarding an age-related decrease in tendon compliance [6] [7] [8] [9] [10] 35] , the ambiguity may arise in part from methodological factors or from spatial definitions of the tendon, which may span regions of free tendon and aponeurosis. For example, one traditional ultrasound approach for measuring tendon elasticity involves tracking anatomical landmarks (e.g. the gastrocnemius muscle-tendon junction) while the muscle-tendon unit is passively or actively loaded [6] [7] [8] 36] . Tendon modulus is then computed from estimates of the tendon force and strain, thereby providing an average elasticity measure over a large portion of the tendon. In contrast, the SWE imaging [23] used in this study provides much more regional assessments of tissue elasticity than anatomical landmark tracking and in fact reveals complex spatial variations in aging tendon elasticity that would not be apparent using traditional B-mode imaging.
It is important to recognize that we measured shear wave speeds at low tendon loads, where the tendon exhibits strainstiffening behaviour. Indeed, the monotonic increase in shear wave speed from the slack to stretched postures would likely reflect the uncrimping of tendon fibres with passive stretch (Figs. 2 and 3 ). It is interesting that age-related changes in shear wave speed in the free Achilles tendon were only evident in the most plantarflexed posture (mean 39 ± 5°p lantarflexion). This posture is comparable to the average ankle angle at which the Achilles tendon reaches its slack length (43 ± 3°plantarflexion [30] ). Thus, the age-related increase in free tendon shear wave speed would seem to reflect the Table 2 Regression analyses identified significant relationships between age and shear wave speed for the plantarflexed Achilles free tendon, relaxed and stretched soleus aponeurosis, and stretched gastrocnemius aponeurosis Resting gastrocnemius aponeurosis shear wave speed is plotted versus resting gastrocnemius muscle wave speed for all subjects, with a 1:1 line for reference. Multiple data points per subject are plotted from the different locations proximal to the gastrocnemius muscle-tendon junction, with different shades representing the data from the young, middle-aged and older adults. Most data points fall above the 1:1 line, which reflects the fact that shear wave speeds in the gastrocnemius aponeurosis were generally higher than in the adjacent muscle material properties of the unloaded tissue, which could arise from increased stiffness of the interfascicular matrix [2] . Likewise, a recent study using a sonoelastography technique observed that older adult Achilles tendons exhibit less deformation with manual palpation [35] , possibly reflecting greater transverse stiffness.
In contrast, the reduction in older adult aponeurosis shear wave speed occurred in a taut muscle-tendon unit, such that the change in compliance could arise from material property effects and/or altered loading. Loading effects are further complicated by the aponeurosis being both in series and parallel with muscle fibres, making it challenging to infer the relative loading transmitted through the two tissues [37] . It is thus conceivable that the lower shear wave speed results from reduced loading of the aponeurosis with muscle-tendon stretch and hence a reduced strain-stiffening response. Alternatively, the aging Achilles tendon may undergo localized changes in material properties. Further study is needed to identify the underlying factors giving rise to altered aponeurosis behaviour.
When interpreting aponeurosis data, it is important to consider the possibility that shear wave speeds are influenced by surrounding tissue. Indeed, we did find a significant correlation between shear wave speeds measured in the gastrocnemius muscle and aponeurosis. Biomechanically, however, this is to be expected. It is intuitive that Achilles tendon shear wave speeds would be highest close to its insertion at the stiff calcaneus bone and lowest proximally near the compliant gastrocnemius muscle. Likewise, proximal to the gastrocnemius muscle-tendon junction, it is predictable that muscle and aponeurosis tissue would show similar patterns of wave speed variations due to the anatomical and mechanical link between the tissues. However, it is also possible that the computation of wave speed in the thin aponeurosis is influenced by the wave propagation in the surrounding muscle tissue. Without a readily available alternate technique for analysis, we are limited to presenting the data as collected and acknowledging this relationship between gastrocnemius muscle and aponeurosis shear wave speed.
This study highlights the importance of carefully controlling tendon region and stretch (i.e. ankle posture) when measuring tendon shear wave speed. Shear wave speed began reaching the maximum measurable value (16.3 m/s) in the relaxed and stretched posture. Ex vivo studies have also reported saturation with moderate (1-2 %) tendon strain [38, 39] , which reflects relatively low tendon loading. Our free tendon results that show no aging effects in a resting or stretched posture are consistent with prior data collected from similar ankle postures [27, 29] . Our stretched observations (angle range 28-50°plantarflexion), however, contrast with Aubry et al., who found no aging effects at maximum plantarflexion and reduced shear wave speeds with age at an angle of 45°plantarflexion [29] . The results from the current study, however, demonstrate that even small changes in ankle posture (15°) can reveal characteristics of aging that may not be present in other ankle postures. Thus it will be critical that future studies include a wide range of ankle angles to better elucidate the complex relationship between aging, ankle posture and shear wave speed.
Age-related changes in tendon behaviour may be relevant to consider in assessing the causes of altered injury and disease incidence with aging [40] . Tendon disorders, such as Achilles tendinopathy/rupture and calf muscle-tendon injuries, tend to occur in consistent locations, most notably, 3-6 cm from the calcaneus insertion [41] and near the medial gastrocnemius muscle-tendon junction [42] [43] [44] , respectively. Interestingly, we did observe specific aging effects in these regions of the tendon. The subjects did not self-report prior Achilles injuries, and no evidence of damage was visible within B-mode images, but it is possible that subjects could have h a d s u b c l i n i c a l t e n d o n d a m a g e . F o r e x a m p l e , sonoelastography has revealed evidence of potential damage in asymptomatic patients [20] .
Recent studies found evidence that SWE may be capable of discriminating between healthy and injured tendons [28, 45] , thereby indicating the translational potential of this new technique. However, although we observed age-related changes in shear wave speed that had very high significance, these low p values (range <0.001-0.01) were often paired with relatively low R 2 values (range 0.42-0.19). Therefore, although our results have implications for interpreting population-level agerelated results, the reality of interpreting data for an individual patient as a measure of tendon health remains unclear.
There are a few limitations in this study. We observed high data saturation in the Achilles free tendon and the soleus aponeurosis when stretched. We do not anticipate that saturation affected the trends we observed in this study; the only significant variation with age that also showed data saturation (stretched soleus aponeurosis) showed a decrease with age, which would presumably only emphasize the observation of reduced shear wave speeds with aging. However, it is important to recognize that the most stretched posture used in this study (mean 9°plantarflexion) is still far from fully dorsiflexed and yet high data saturation occurred, emphasizing the need for careful protocol development when using SWE in tendon studies. It is also relevant to note that the research protocol for older adult subjects and five of the young adult subjects was slightly altered from the earlier protocols used for young [12] and middle-aged [11] subjects in that we increased the width of our shear wave speed box (+2.5 mm) to reduce collection time and require only four (rather than five) positions of the shear wave speed box for each transducer position. Shear wave speeds may be affected by depth, as acoustic waves are known to exhibit depth-dependent attenuation [46] , and spatial smoothing is inherent in sonoelastography methodologies [47] . In our previous study, we investigated the relationship between wave speed and depth and did find a weak correlation [12] . Unfortunately, as tendon thickness and spatial variations in material properties are also varying, it is not possible to discriminate the relative influence of these factors. It is also possible, though unlikely, that shear wave measures are affected by the use of gel pads, which could affect regional comparisons as gel pads were only used in distal locations. To minimize the effects of any of these parameters on age-group comparisons, we maintained all machine collection settings, including smoothing, for all research subjects. Finally, the sample size in this study is relatively small (35 subjects), with only ten subjects in each of our middle-aged and older adult groups. We hypothesize that larger sample sizes will further reinforce the results from this study.
Achilles tendon shear wave speeds show age-related changes that vary depending on location, with evidence of reduced compliance in the free Achilles tendon and increased compliance in the gastrocnemius aponeurosis. Tendon shear wave speeds were highly dependent on ankle posture, emphasizing the clinical relevance of controlling ankle posture when using shear wave approaches clinically to evaluate tendon. Future work will be critical to understanding how these agerelated changes may contribute to the increased incidence of injury that is observed in middle-aged and older adults.
